In this study we report the investigation of terahertz (THz) emission efficiency dynamics in p-type InAs using a double-pump-pulse (DPP) THz emission method. We also suggest a novel modification of the standard DPP method which allows us to measure the indirectly modulated THz pulse. The obtained results reveal that the first optical pulse increases the free carrier concentration and enhances the surface electric field. This field prevents perpendicular but improves parallel to the surface electric dipole formation after sample excitation with the second optical pulse. Our suggested method is shown to be a more precise and sensitive way to study electric fields and photocarrier dynamics in semiconductors after photoexcitation.
Introduction
During the last decades of the 20th century the technology of femtosecond lasers was highly improved. It opened a possibility to investigate physical processes that last less than 1 ps. For the first time in 1984 Auston et al. used a femtosecond laser for the registration of electromagnetic pulse with the duration of a few picoseconds transmitted through free space [1] . A few years later, in 1988, the first terahertz time-domain spectroscopy (THz TDS) system was presented [2] . Since then such systems have become more accomplished and have found many application areas. One of the most important components of the THz TDS system is a THz pulse emitter commonly activated with femtosecond laser pulses.
THz emitters could be various semiconductors, their compounds and nanostructures or optoelectronic switches -semiconductors with metallic contacts that require external bias for operation. In order to gain a better understanding of THz generation mechanisms and create more effective THz emitters, various THz TDS system modifications are used. The main idea of one of rarely used modifications is to use two excitation pulses instead of one: the first pulse (pump) changes the carrier concentration and electric fields inside the semiconductor while the other (probe) arrives with a time delay and generates the THz pulse which reflects changes of the mentioned parameters. For the first time such double-pumppulse terahertz emission (DPP THz) method was mentioned by Tanouchi el al. in 2002 [3] . They investigated a low-temperature-grown GaAs (LTGaAs) optoelectronic switch and reported the decrease in THz generation efficiency due to the screening of the bias electric field by generated photocarriers. The recovery of the THz signal was ascribed to the electron relaxation and recombination processes. A few years later Siebert et al. [4] basically repeated Tanouchi's results [3] but the authors elucidated the decrease of THz signal intensity due to changes in the voltage distribution in the biasing circuit. Later works by this group were intended to investigate the carrier recombination in LT-GaAs optoelectronic switches [5, 6] . Recently Murakami et al. [7] have expanded the potential of the DPP THz method by using a very sharply focused probe beam that allowed them to scan the whole area of an optoelectronic switch with a resolution of 1.5 μm. This upgraded DPP THz method was proved to be an excellent candidate for the investigation of electric field distribution dynamics in THz emitters after photoexcitation. In all previously cited works the electron drift was caused by an external bias which forced them to move parallel to the semiconductor surface. Speaking about the unbiased THz emitters, there is a greater variety of materials for samples. Optical reflection and DPP THz methods were compared in an article [8] where both of them were used for the investigation of LT-GaAs layers grown at different temperatures. While using the DPP THz method for the investigation of CuInSe 2 it was shown for the first time that the pump pulse could increase the THz emission efficiency [9] . The enhancement in the THz signal was also observed in GaAs nanowires (NWs) grown by the MOCVD method [10] . In addition, the DPP THz method was used to investigate the main principles of THz generation in InAs NWs [11] . The same technique but with a sharply focused probe beam was applied for the investigation of photovoltaic cells [12] .
To our knowledge, there are no previous works where the temporal shape of the THz electric field transient (E THz (t)) at different time delays between two excitation pulses has been investigated. In this work we show that E THz (t) strongly depends on the time delay between two optical excitation pulses. We reveal the main principles of the E THz (t) variation and suggest a more accurate method for THz emission DPP measurements. This method is applied to investigate a p-type InAs substrate that is known as one of the most efficient semiconductor-based THz surface emitters. It is shown that THz emission dynamics in InAs strongly depends on the polarization of an optical pulse that activates the THz generation process. From the obtained results we conclude that the sample excitation with the first optical pulse enhances its surface electric field. This field has a different effect upon the capability of the photocarriers created by the second excitation pulse to form parallel and perpendicular to the sample surface THz radiating electric dipoles.
Experimental details
In this article we report two types of doublepump-pulse excitation methods: standard (DPP) and our suggested modified (MDPP). All experiments were based on the experimental set-up that is shown in Fig. 1(a) . Measurements have been performed using a Ti:sapphire oscillator generating 800 nm wavelength pulses at 76 MHz repetition rate, 6.5 nJ pulse energy and 150 fs pulse duration. The laser beam is divided into three parts: one part (≈20 mW) is directed towards a polarization sensitive GaAs THz detector (Teravil Ltd) for THz transient measurement; the other part is directed at the sample for THz pulse generation (the so-called Probe beam); the last part is also directed towards the sample for the generation of free carriers (Pump beam). In order to change Pump and Probe beam polarization, half-wave plates were used. During the DPP experiment the Pump Delay Line is fixed at the desirable time delay between the Pump and Probe pulses while the Detector Delay Line is used to coherently scan a temporal shape of the THz signal. The detected signal is analysed with a lock-in amplifier and transferred to the computer.
Results and discussion
The THz pulse dependence on the time delay between optical Pump and Probe pulses (∆t) measured with the standard DPP method ( Fig. 1(b) ) is shown in Fig. 2 . The positive time delay (∆t > 0) means that the optical Pump pulse reaches the sample surface before the Probe pulse, and the negative time delay (∆t < 0) means that the Probe pulse comes before the Pump. In Fig. 2(a) it is possible to see a single THz pulse at different positive ∆t. Generally speaking, both Pump and Probe pulses generate a THz pulse, but as the Probe beam is mechanically chopped due to the condition of synchronous detection, only the THz pulse generated by the Probe beam should be measured. Indeed, only the THz pulse generated by the Probe pulse is visible in Fig. 2 
(a).
In this case the Pump beam only changes the conditions of the THz pulse generation. This effect is inert, thus with increasing ∆t the registered THz pulse is more and more affected: the Pump pulse reduces the efficiency of THz generation. This is a typical result of the standard DPP THz measurement discussed in the previous works. In contrast, 
for negative ∆t values the structure of the registered THz signal becomes more complicated ( Fig. 2(b) ). Overall, two kinds of THz pulses can be seen in Fig. 2 : the first one is visible at all time delays and has a fixed position in the time scale; the second occurs only when the optical Probe pulse reaches the sample before the Pump pulse.
The second pulse position in the time scale corresponds to the ∆t, which suggests that we have the THz pulse generated by the Pump pulse. However, as mentioned before, the Pump beam is not mechanically chopped and due to the conditions of synchronous detection the THz pulse generated by the Pump pulse should not be registered. Nevertheless, a deeper analysis suggests that the generation of THz radiation with the Pump pulse is indirectly modulated. At negative time delays, when the Probe pulse reaches the sample before the Pump pulse, it creates photocarriers with the frequency of a mechanical chopper and affects the THz generation process initiated by the Pump pulse. So, as a result, the indirectly modulated THz pulse generated by the optical Pump pulse could be registered. Hence during the experiment we register the THz pulse generated by the Probe pulse and the indirectly modulated THz pulse corresponding to the difference in the THz emission generated by the Pump pulse due to the photocarriers created by the Probe pulse (the upper (green online) curve in Fig. 3 ). In comparison, the lower (red online) curve in Fig. 3 represents the same difference in THz generation but measured in a different way. Here the Pump pulse is chopped and the THz pulse measured with and without the additional excitation with the Probe pulse.
Then both THz signals are subtracted from each other resulting in the difference in THz emission initiated by the Pump pulse due to the Probe pulse induced generation of the photocarriers. It is important to note that the position in the time scale of the indirectly modulated THz pulse in Fig. 2(b) is shifting during the experiment because the position of the Pump Delay Line is changing (Fig. 1) . It is obvious that the THz pulse registered due to the indirect modulation unavoidably affects dynamics measured by the traditional DPP THz method. When the Probe pulse arrives at the sample a few picoseconds earlier than the Pump pulse, the directly and indirectly modulated THz pulses are separated in the time scale (Fig. 4(a) ). When the delay ∆t approaches subpicosecond values, those two pulses overlap (Fig. 4(b) ) and this pulse interference may seem like an increased THz pulse generated by the Probe laser pulse. Meanwhile, the Pump pulse reaching the semiconductor surface 0.5 ps later than the Probe pulse cannot affect the THz pulse generation process. Nevertheless, the indirectly modulated THz pulse is unique as it requires both Pump and Probe optical pulses for detection: if one of the pulses is blocked, this THz pulse vanishes. In addition, indirectly modulated THz pulse measurements at different ∆t makes it possible to observe changes in the THz pulse generated due to the optically excited photocarrier relaxation.
The main idea of this work is to use indirectly modulated THz pulses for the investigation of THz generation dynamics. For this purpose, the set-up in Fig. 1(b) was modified to Fig. 1(c) as follows. The lower intensity mechanically chopped optical beam is directed perpendicular to the sample surface (the incidence angle equals 0°), while the higher intensity optical beam impinges on the sample surface at the 45° incidence angle. In order to detect the indirectly modulated THz pulse, the chopped optical pulse must be the first to reach the sample surface; therefore this pulse will be called the First pulse and the other will be called the Second pulse. Before the DPP THz experiments the THz emission efficiency dependence on an azimuthal angle (Fig. 5(a) ) in p type InAs (p-InAs) was measured using only the Second optical pulse: the First pulse was blocked and the chopper was moved to modulate the p-polarized Second pulse (the (red) curve with dots in Fig. 5(b) ). The azimuthal angle for the maximum THz emission efficiency was determined and fixed for subsequent measurements (the dotted line in Fig. 5(b) ). In 6(a, b) indirectly modulated THz pulses at different time delays between two optical excitation pulses are shown. THz pulse amplitudes (peak-tovalley) of these pulses are summarized in Fig. 6(c) .
The obtained curves show the influence of the First optical pulse to the THz generation process initiated by the Second pulse. It could be seen from the figure that THz generation properties strongly depend on the polarization of the Second pulse. It is worth mentioning that such dependence was not observed in other samples investigated by our introduced DPP THz method. It should be noted that the ratio between optical pulse powers (the power of the Second pulse is a few times larger than that of the First pulse) is chosen intentionally. When the power of the First pulse exceeds 30 mW (that corresponds to 0.4 nJ energy and the concentration of photocarriers 3.4 × 10 16 cm -3 ), the shape of the measured kinetics changes dramatically. On the contrary, no such changes were observed for the increasing power of the Second pulse.
In order to understand the indirectly modulated THz pulse kinetics and its difference upon p and s optical polarization, it must be understood how the Second optical pulse generates the THz pulse. In all standard semiconductors photoexcited electrons and holes are separated in the surface electric field (field effect [13] ) and/or compelled to move along the surface gradient at different velocities (photo-Dember effect [14] ). Both effects result in the perpendicular to the sample surface electric dipole which emits THz radiation. It is also possible that the parallel to surface dipole will form. This could happen due to nonlinear optical effects [15] and most importantly due to anisotropic photocurrent effects [16] that are very important for narrow band-gap semiconductors (like InAs). In InAs electrons with high excess energy are created upon the excitation of 800 nm wavelength laser radiation. The motion of such electrons in the strong surface electric field leads to the formation of a parallel to the surface electric dipole due to the non-parabolicity [16] and non-sphericity [17] of the conduction band. When we rotate a sample around the normal to the surface, strength and orientation of the parallel electric dipole changes thus determining the THz emission efficiency dependence on an azimuthal angle. The orientation of the THz radiating electric dipole depends on the polarization of the excitation beam. It could be seen from the measured az i muthal dependences that under the p-polarized and s-polarized excitation the electric dipoles parallel to the surface are oriented in opposite directions (Fig. 5(c) ). The THz emission from perpendicular to the surface electric dipole is supposed to remain constant. Then the registered THz radiation could be determined as the sum of the two components: a + b p and a -b s . There a corresponds to the perpendicular electric dipole radiation, while b p and b s to the radiation of a parallel dipole excited 
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by p or s light polarization, respectively. Under the assumption that all the abovementioned electric dipoles always radiate the same form of THz pulses, the curves in Fig. 6 (c) could be expected to be proportional to the a + b p and a -b s (here a, b p , b s are functions of the time delay ∆t). Then the difference of these curves will be proportional to the b p + b s , while the sum could be described as 2a + b p -b s ≈ 2a (we assume that b p ≈ b s ). It is obvious that the difference (sum) of the dependences in Fig. 6(c) describes the change in the THz radiation from the parallel (perpendicular) to the surface electric dipole initiated by the Second pulse and induced by the photocarriers excited by the First pulse. The sum and difference of the curves in Fig. 6 (c) is shown in Fig. 7 . It should be noted that the results in Fig. 6 (c) mean that the First pulse always reduces the THz pulse generated by the Second pulse. However, from the difference of the mentioned curves it could be seen that the THz emission from the parallel to the surface electric dipole is enhanced for the time interval of 3 ps after the surface excitation with the First pulse. To verify that the THz emission enhancement is real, measurements for the s-polarized THz electric field were performed. Many semiconductors form only a very weak parallel to the surface electric dipole and no s-polarized THz pulse could be detected. That is why usually polarization sensitive THz detectors are oriented to detect the p-polarized THz radiation. However, the (111) crystallographic orientation InAs emits a strong enough s-polarized THz pulse. It is important to mention that the perpendicular to the surface electric dipole has no influence over the s-polarized THz radiation. Figure 8(a) shows the indirectly modulated s-polarized THz pulse dynamics. To confirm the nature of the jump between positive and negative values, the chopper was moved to modulate the Second pulse. The bubble (blue) curves in Fig. 8(b) represent THz pulses when the First pulse is blocked, the dot (red) curves represent the results of the THz generation process affected by the First pulse. The results shown in Fig. 8(b) confirm that the THz emission efficiency can be enhanced using the additional excitation of the semiconductor surface. However, in our case this statement is true only for the parallel to the surface THz radiating electric dipole.
The obtained results could be explained in terms of the two-kind influence of the photocarriers on the THz generation process. After the photoexcitation with the First pulse carrier motion is determined by the gradient and surface electric field. Within a few picoseconds after excitation, the surface electric field becomes stronger due to the carrier diffusion that is a dominant process at the beginning [18] . Then the motion of photocarriers created by the Second pulse is mostly controlled by the enhanced surface electric field. A stronger field obstructs the diffusion of new photocarriers [19] but stimulates the formation of the parallel to the surface electric dipole. Nevertheless, it must be kept in mind that photocarriers always affect THz generation even if they do not change the surface electric field. While photocarriers created by the Second pulse form an electric dipole, the photocarriers created by the First pulse move in the electric field of this dipole and create their own dipole of the opposite orientation. It means that free photocarriers always limit the THz generation process regardless of the THz radiating electric dipole orientation. It must be noted that the free carrier influence on the THz generation strongly depends on their energy relaxation time. Thus in narrow band-gap semiconductors the THz generation is almost unaffected due to ∆t (ps) E p-v (arb. units) Fig. 7 . Sum and difference of the curves shown in Fig. 6(c) . The difference (sum) describes THz radiation from the parallel (perpendicular) to the surface electric dipole created by the Second pulse and modulated by the photocarriers excited by the First pulse.
a relatively large electron mass during the first few picoseconds after the photoexcitation [20] . We have suggested the essential modification of the standard DPP THz emission method and showed its functionality by investigating p-type InAs. In the MDPP method registered THz pulse parameters depend on the versatile contribution of both optical pulses. For instance, the indirectly modulated THz pulse amplitude is proportional to the surface electric field alteration induced by the First pulse. This property allows us to investigate not only the electric field screening dynamics but also the dynamics of the Dember potential that is significant for the THz generation. Furthermore, our suggested MDPP method opens the possibility to investigate semiconductors at low excitation conditions when it is easier to separate physical mechanisms responsible for the THz generation. Additionally, the measurement of the indirectly modulated THz pulse is a novel promising contact-free method to investigate electric properties of photocarriers. Moreover, the time resolution of this method is a few hundreds of femtoseconds (the time period required for THz pulse generation), therefore rapid processes, for example, the ballistic electron transport dynamics, could be measured.
Conclusions
In conclusion, we have investigated the THz emission efficiency dynamics in InAs after sample excitation with the femtosecond optical pulse by means of the DPP method. Moreover, we have suggested a modification of the standard DPP method -whose main goal is to measure the indirectly modulated THz pulse. The analysis of the temporal shape of this pulse opens the possibility for a more precise and sensitive registration of changes in a semiconductor. We have shown that InAs excitation with the First pulse increases the free carrier concentration and enhances the surface electric field. This field prevents perpendicular but improves parallel to the surface electric dipole formation after sample excitation with the Second pulse. Free carriers screen both types of the dipole although their influence becomes noticeable over a few picoseconds after the excitation when the electron energy relaxation process is completed. 
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